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A Deficit in Covert Attention after
Parietal Cortex Inactivation in the Monkey
attention often accompany saccadic eye movements
during visual scene exploration, and a high degree of
overlap exists between the cortical network subserving
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these two functions (Corbetta et al., 1998; Nobre et al.,UMR 5015 CNRS-UCBL
2000). With a correlation approach such as single-cellBron
recording, teasing apart contributions to attentional pro-France
cessing and eye movement preparation has proven to2 Laboratoire de Neurophysiologie
be challenging. Even when attentional signals can beUniversite´ catholique de Louvain
isolated, it is not possible to assess the importanceBrussels
of the contribution of these signals to the underlyingBelgium
function. Resolving the question of whether area LIP is
involved in attentional selection independently of any
role it may have in oculomotor control is crucial in viewSummary
of the recently proposed hypothesis that the parietal
lobe is a source of top-down influence on attentionalAlthough the parietal cortex has been repeatedly impli-
processing in visual cortex (Kastner and Ungerleider,cated in controlling attention, the nature and impor-
2000).tance of this contribution remain unclear. Here we
To address this issue, we temporarily suppressedshow that inactivating the lateral intraparietal area in
neuronal activity in area LIP using microinjections ofmonkeys delays the detection of a visual target located
muscimol, a GABAA agonist, while monkeys performed ain the contralateral visual field. This effect was ob-
visual search task. We previously reported that unilateralserved using different visual scene configurations,
inactivation of this area had no adverse effects on thee.g., with distractors that differ in number or that differ
performance of eye movements to single visual targetsfrom the target by a conjunction of shape and color
(Wardak et al., 2002; but see Li et al., 1999). However,or by a single feature. Since eye movements were
it biased saccadic choice in the presence of two com-not allowed during the searching tasks, these results
peting identical targets and impaired the ability to searchargue for an unambiguous role of the parietal cortex
for a target presented among distractors by means ofin the top-down control of attentional deployment in
saccadic eye movements.space.
Results and DiscussionIntroduction
In order to establish the contribution of area LIP to atten-The optimal analysis of a visual scene requires the ability
tional processing, we trained monkeys to report, byto efficiently select and process information at different
pressing a manual lever, the presence of a predefinedspatial locations. This can be achieved by means of eye
visual stimulus in a succession of displays while main-movements but also by covert attentional processing.
taining their eyes on a central fixation spot (Figure 1A).Selection by attention results from a combination of
Hence, the task involved only the detection of a targetstimulus-driven, or bottom-up, and goal-directed, or
and no explicit localization or oriented motor response.top-down, processing that serves to guide attention to-
Fixation was carefully controlled, and no effect of areaward the attributes or spatial location of a given stimu-
LIP inactivation was observed on gaze position. In the
lus. In humans, searching for a target that is embedded
first experiment, we tested conjunctive visual search,
in a visual display activates posterior cortical areas in
where the target was defined by a particular combina-
and around the intraparietal sulcus (Donner et al., 2000; tion of one of two shapes and one of two colors, the
Leonards et al., 2000; Nobre et al., 2003) that may be three remaining combinations being used to generate
related with the shifting of attention from one locus to distractors. In the presence of multiple stimuli, individual
another (Yantis et al., 2002). Transient disruption by items compete with each other for attention, rendering
transcranial magnetic stimulation (Ashbridge et al., detection more effortful. Distractors in conjunction
1997) or permanent lesions (Critchley, 1953; Mesulam, search compete strongly with the target because of the
1981; Mort et al., 2003) of the posterior parietal cortex partial overlap between their elemental features, caus-
produce impairments of visuospatial attention tasks and ing target detection time to increase in proportion to
hemispatial neglect. One potential neuronal substrate the number of items in the display (Treisman and Gelade,
for attentional processing in the homologous region of 1980; Duncan and Humphreys, 1989). The visual charac-
the monkey cortex is the lateral intraparietal area (LIP). teristics of the objects, stimulus eccentricity, and dura-
The response of LIP neurons to visual stimulation is tion were chosen so as to ensure an average success
strongly modulated by behavioral relevance (Gottlieb et rate of about 76%–85%, which is necessary to maintain
al., 1998), and it has been suggested that this area may an adequate level of motivation. For display sizes of
set the attentional priority of locations in the visual field two, four, and eight items, monkey G exhibited a slope
(Bisley and Goldberg, 2003). However, spatial shifts of of 4.99 and 7.17 ms/item at 4 and 10 of eccentricity,
respectively, and monkey M exhibited a slope of 7.34
and 9.62 ms/item at 4 and 10, respectively.* Correspondence: duhamel@isc.cnrs.fr
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on detection time were highly reproducible, as they were
observed in 5/7 and 6/7 experiments in monkeys G and
M, respectively. Results pooled across all experiments
are summarized in Table 1. Note that in both monkeys
a single distractor placed in the ipsilesional hemifield
was sufficient to increase the detection time of the con-
tralesional target. Since we did not operate at perceptual
threshold and avoided extremely short stimulus presen-
tations or masking procedures, the monkeys maintained
a fairly high success rate in all conditions. Area LIP
inactivation did not significantly reduce the percentage
of correct trials in monkey G (76.5% versus 75.7% in the
control and inactivation conditions, respectively) while
there was a moderate reduction in monkey M (86.4%
versus 78.3% in the control and inactivation conditions,
respectively, 2 p  0.0343). Three types of errors were
taken into consideration: not pressing the bar when a
target was present in the stimulus array (miss), pressing
the bar when no target was present (false alarm), and
failure to maintain ocular fixation. The lower success
rate of monkey M was mainly due to an increase in the
proportion of false alarms (from 5.9% to 10% between
control and inactivation) and rupture of fixation (from
5.2% to 8%), but the proportion of misses did not in-
crease significantly (from 1.0% to 1.5% and from 1.4%
to 1.5% in the contralesional and ipsilesional fields, re-
spectively). The increase in false alarms could be inter-
preted as evidence for a failure of target/nontarget dis-
crimination, but another possibility is that it reflects a
failure of response inhibition, which could also account
for an increase in the proportion of trials aborted by
Figure 1. Effect of Area LIP Inactivation on Target Detection Time
rupture of fixation.during Covert Conjunction Visual Search in Two Monkeys
Several other types of visual displays can be used to
(A) Task design. One to three successive visual displays were pre-
investigate visuospatial attention. In order to extend oursented while the monkey maintained fixation on a central target. A
analysis to a broader range of target-distractor configu-target could be present with equal probability in the first, second,
rations, we further tested the effects of area LIP inactiva-or third display. The monkey responded by a lever press to indicate
the target’s presence. For illustration purposes, the target is shown tion using displays in which the distractors differed from
here as the dark diamond shape (pink in reality, the other color the target along a single feature dimension. This is im-
being orange). portant from a theoretical perspective, as the parietal
(B and C) Data from individual inactivation sessions showing the
cortex has been regarded as a possible neural substratemean detection time (in ms, SEM) for contralesional and ipsilesio-
for binding (Eglin et al., 1989; Shafritz et al., 2002), thenal targets, respectively (LIP inactivation, dashed line; following day
process of associating the elemental features of visualcontrol, solid line). Statistical analyses: ANOVA number of items 
inactivation/control. Monkey G: items p  0.0001, inactivation p  stimuli that have been segregated in early vision. Ac-
0.0001, items inactivation p 0.043; monkey M: items p 0.0001, cording to this hypothesis, searching for a single-feature
inactivation p 0.0001, items inactivation p 0.25). No difference target does not require binding and should be unim-
between the inactivation and control conditions was observed for paired by parietal cortex inactivation. Since search time
ipsilesional targets. Monkey G: items p  0.0001, inactivation p 
for a single target feature can vary depending on the0.7, p  0.4; monkey M: items p  0.0001, inactivation p  0.16,
relative salience of the target and distractors, we testeditems  inactivation p  0.89. *Post hoc inactivation effects tested
an easy feature task in which color was the relevantwith Student-Newman-Keuls method, p  0.05.
dimension (slope: 1.32 ms/item for monkey G and 2.54
ms/item for monkey M) and a difficult one in which shape
Data obtained during a given inactivation were com- was the relevant dimension (slope: 10.1 ms/item for
pared with data obtained on the following day. The prin- monkey G and 12 ms/item for monkey M, close to the
cipal effect of area LIP inactivation on visual search 7.17 ms/item and 9.62 ms/item slope of the conjunction
performance was an increase in the time that was neces- search at the same eccentricity for both monkeys, re-
sary to detect the target. This effect was found solely spectively, Figure 2A). As an additional control, we
when the target was located in the contralesional visual tested simple target detection time in the absence of
hemifield; there was no influence on detection time for any distractor. All of these tasks were tested at 10 of
targets presented in the ipsilesional hemifield (Figures eccentricity. Area LIP inactivation yielded a dramatic
1B and 1C, individual experiment). Statistical tests increase in detection time for contralesional targets in
showed a main effect of the number of distractors on the difficult feature search task but also, to a lesser
the detection time in both visual hemifields and an inacti- extent, in the easy task (Figure 2B, example of individual
vation effect only for contralesional targets (see legend experiment for monkey M). These results were consis-
tent across three inactivation experiments in monkey Gof Figure 1 for details). These spatially selective effects
Covert Attention Deficit after LIP Inactivation
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Table 1. Parietal Inactivation Effects on Detection Time of Contralesional and Ipsilesional Targets in Covert Conjunction Search
Reaction Time for a Contralesional Target (ms) Reaction Time for an Ipsilesional Target (ms)
Number of
Items 2 4 8 2 4 8
Monkey G 4 inactivation 327.7  4.72* 357.1  4.76* 365.3  4.52* 315.9  3.43 327.5  3.71 346.8  3.53
control 318.1  4.14* 335.4  4.16* 351.7  3.50* 309.5  3.06 333.1  3.24 340.8  2.62
Monkey G 10 inactivation 351.5  6.57* 363.2  7.96* 415.6  9.86* 346.7  8.85 374.2  9.13 388.2  10.9
control 341.7  5.63* 364.0  5.87* 382.8  6.68* 346.8  6.91 365.6  7.43 393.3  8.15
Monkey M 4 inactivation 398.3  10.71* 388.3  10.32* 429.6  10.88* 368.9  11.62 354.7  9.40 389.0  10.63
control 344.9  7.63* 349.9  7.32* 385.3  7.29* 335.5  6.47 355.0  5.69 382.4  5.96
Monkey M 10 inactivation 360.1  4.10* 388.1  4.44* 412.7  4.45* 341.2  3.97 361.3  4.13 394.8  4.47
control 329.5  4.03* 363.2  4.24* 391.5  4.58* 334.8  3.87 361.4  4.09 391.0  4.34
Four pooled sets of results are presented: monkey G for 4 and 10 targets and monkey M for 4 and 10 targets. Detection times, presented
in ms  SEM, are significantly longer for contralesional targets (two-way ANOVA number of items  inactivation/control; monkey G, for both
eccentricities: main effect of number of items p  0.0001, main effect of inactivation condition p  0.02, interaction p  0.1; monkey M, for
both eccentricities: main effect of number of items p  0.0001, main effect of inactivation condition p  0.0001, interaction p  0.5). No
effects were found for ipsilesional targets (monkey G, for both eccentricities: main effect of number of items p  0.0001, inactivation condition
p  0.4, interaction p  0.05; monkey M, for both eccentricities: main effect of number of items p  0.0001, inactivation condition p  0.06,
interaction p  0.13).
*p  0.05.
and three inactivation experiments in monkey M, in search performance is illustrated in Figure 4A, which
shows the cumulative distribution of detection re-which each condition was investigated (Table 2, pooled
data). No effect was observed on detection time of ip- sponses made by monkey M in the conjunction search
task and which is representative of both monkeys. Forsilesional targets (Figure 2C, individual experiment, and
Table 2, pooled data) or for detection time of a contra- contralesional targets, these distributions were shifted
rightward after inactivation (Figure 4A). For instance, theor ipsilesional target in the absence of distractors. As
in the conjunction search task, error rates were low curves representing the performance for the two- and
four-item displays overlapped almost perfectly the con-in the two feature search tasks and were only slightly
affected by LIP inactivation, with no coherent pattern trol cumulative distribution obtained, respectively, for
four and eight items, as though the effect of inactivating(difficult feature search: 62.1% versus 66.8% of correct
responses for monkey G [p  0.028] and 75% versus LIP cortex was akin to increasing proportionally the
number of objects in the visual scene. A different picture74.2% of correct responses for monkey M in the control
and inactivation conditions, respectively; easy feature emerges from inspection of the ipsilesional hemifield
cumulative distributions. Although we found no signifi-search: 92.4% versus 88.1% of correct responses for
monkey G [p 0.01] and 89.7% versus 93.2% of correct cant inactivation effect on mean detection time for ip-
silesional targets, the inactivation and control distribu-responses for monkey M [p  0.042] in the control and
inactivation conditions, respectively). tions did not overlap perfectly. Inactivation tended to
reduce the frequency of both very fast and very slowThe results of these experiments are summarized in
Figure 3, which illustrates the detection time differences detection responses, resulting in a smaller variance as
compared with the control condition. This can be quanti-for contralesional targets between control and inactiva-
tion for the conditions tested. Three points are notewor- fied by computing the average deviation of the reaction
time from the mean, normalized by the mean detectionthy. First, inactivating area LIP delayed detection of the
target only in the presence of competition from other time (Figure 4B). This reduced variance of detection
times was a consistent finding in the ipsilesional field,visual stimuli and did not cause a general slowing down
of processing in the contralateral visual field, at least present in all search conditions and in both monkeys.
What could be the significance of this ipsilesional effectfor the types of stimuli used in the present experiments.
Second, the deficit was related to the amount of compe- of LIP inactivation? If unilateral inactivation confers a
processing advantage to ipsilesional field stimuli bytition between the designated target and other elements
of the visual scene: easy feature search was less af- shifting the attentional balance toward that side of
space, one would expect an overall gain in detectionfected by LIP inactivation than difficult feature search.
Third, the visual search deficits were not limited to de- speed for ipsilesional targets. This is not what we ob-
served here, as any reduction in the frequency of slowtection of targets that require binding across feature
maps. However, the performance in the difficult search responses that might accrue from an ipsilesional com-
petitive advantage appears to be counteracted by thecondition following inactivation appeared to be either
identical to or slightly less impaired than in the conjunc- reduced frequency of fast responses. One alternative
explanation for the latter effect is a nonspecific effect oftion condition (13.1 ms versus 13.9 ms in monkey G; 18
ms versus 23.6 ms in monkey M) despite the fact that LIP inactivation on manual reaction time. This is unlikely,
however, since detection performance for single targetsits search slope was steeper (10.1 ms/item versus 7.17
ms/item in monkey G; 12 ms/item versus 9.62 ms/item is unaffected by LIP inactivation in either hemifield. Fi-
nally, another explanation is that the monkeys raisedin monkey M). This observation thus leaves open the
question of whether the binding process might involve their decision threshold slightly and delayed their re-
sponse to allow the accumulation of more evidencesome degree of contribution from area LIP.
A final aspect of area LIP inactivation effects on visual about the presence (or absence) of a target. This strat-
Neuron
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the search time was still abnormally long. The present
findings go one step further by demonstrating that, even
in the absence of eye movements and using a simple
detection response that required no overt (or even co-
vert) localization, visual search performance is deterio-
rated following LIP inactivation. Furthermore, the magni-
tude of the deficit was more pronounced for low saliency
targets (conjunction and difficult feature conditions)
than for high saliency targets (easy feature search condi-
tion), suggesting that involvement of area LIP is particu-
larly significant in attentionally demanding tasks. These
results are consistent with functional imaging studies in
humans showing that the amount of parietal activation
during both feature and conjunction search is correlated
with the slope of reaction time search function (Nobre
et al., 2003).
One important question which remains open at this
stage is the exact nature of the parietal contribution to
attentional selection. One possibility, which derives from
the obvious analogy between covert displacements of
attention and saccadic eye movements, is that it is in-
volved in the control of attention shifting. If that is the
case, one would predict that the deficit that is observed
following parietal cortex inactivation should be propor-
tional to the number of attention shifts required to indi-
viduate the target. Therefore one should expect a deficit
that increases as a function of the search array size, as
more shifts are necessary to find a target hidden amongFigure 2. Effect of LIP Inactivation on Reaction Time in Feature
a large number than among a small number of dis-Search Conditions
tractors. Our results do not fit this prediction since in-(A) Example of displays used for difficult and easy feature search.
Target is the dark tilted square. creases in detection time following LIP inactivation were
(B and C) Effect of an individual inactivation experiment on reaction not proportional to the number of items in the display.
time for detection of a contralesional target in monkey M. Conven- This could mean either that area LIP is not involved
tions as in Figure 1. Difficult feature search results are presented in controlling the displacement of attention or that the
on the left plots, and easy feature search results on the right plots.
number of attentional shifts is not proportional to theLIP inactivation (dashed line) slowed the detection of contralesional
number of items in the display. In fact, covert visualtargets in both conditions as compared to control data (solid line).
search may not be the most appropriate task to addressStatistical analyses: two-way ANOVA number of items  inactiva-
tion/control. Difficult feature condition: items p  0.0001, inactiva- this issue. As the search strategy is unconstrained, it is
tion p 0.0001, items inactivation p 0.2; easy feature condition: impossible to know on any given trial and for a particular
items p  0.0195, inactivation p  0.0002, items  inactivation p  visual display configuration how many times attention
0.4). No difference between the inactivation and control conditions
is shifted and toward which objects. For example, thewas observed for ipsilesional targets. Difficult feature condition:
same contralesional target could be found with one largeitems p  0.0001, inactivation p  0.5, items  inactivation p  0.5;
contraversive shift of attention followed by one smalleasy feature condition: items p  0.4, inactivation p  0.5, items 
inactivation p  0.15). ipsiversive shift or with one ipsiversive shift followed by
two small contraversive shifts. It is not even possible to
exclude that the same mean number of contraversive
egy would be advantageous in a task emphasizing accu- shifts is used with two, four, or eight items. Whether
racy over speed, which was the case here, but would, area LIP is specifically involved in shifting attention re-
as a consequence, cancel the benefits of the ipsilesional mains to be tested using a task designed specifically
shift in attentional balance. to test this hypothesis.
Taken together, the results of this series of experi- Another plausible role of LIP is in maintaining a repre-
ments point to a crucial role of area LIP in covert atten- sentation of the currently attended location. It has been
tional mechanisms. In a previous study (Wardak et al., suggested that parietal cortex activity could be a source
2002), we showed that unilateral inactivation of area LIP of top-down signals into extrastriate visual areas (Kast-
impaired the ability to search for a contralesional visual ner and Ungerleider, 2000). During visual search, input
target by means of saccadic eye movements. Although from area LIP could serve to enhance the saliency of
a spatial attention deficit appeared as a plausible cause objects at the attended location. The existence of such
for this behavioral impairment, it could arguably have feedback signals generated in areas that are part of the
resulted from a motor planning bias causing the eyes saccadic network has recently been proposed on the
to shift preferentially to the ipsilesional direction when grounds that electrical microstimulation of the frontal
the stimulus array appeared. However, in a control ex- eye field (FEF) below the saccadic threshold enhances
periment, the target and distractors were all confined visually evoked activity in area V4 (Moore and Am-
in the contralesional hemifield, thereby constraining the strong, 2003).
Further investigations are needed in order to betteranimal to explore only that half of the visual space, and
Covert Attention Deficit after LIP Inactivation
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Table 2. Parietal Inactivation Effects on Detection Time of Contralesional and Ipsilesional Targets in Covert Feature Search
Reaction Time for a Contralesional Target Reaction Time for an Ipsilesional Target
(ms  SEM) (ms  SEM)
Number
of Items 2 4 8 2 4 8
Monkey G
Difficult feature search
Inactivation 377.1  5.5* 390.3  5.87* 420.6  6.42* 365.3  5.8 389.3  7.21 414.6  7.21
Control 358.5  5.54* 373.1  5.64* 417.1  6.63* 357.1  5.76 371.5  7.25 419.1  7.33
Easy feature search
Inactivation 327.6  3.13* 331.7  3.15* 339.3  3.19* 331.7  3.65 333.3  3.68 342.6  3.83
Control 319.3  2.51* 325.3  2.54* 326.4  2.55* 327.8  2.98 334.1  3.0 337.4  2.86
Monkey M
Difficult feature search
Inactivation 369.4  10.0* 404.9  10.6* 444.0  11.6* 344.9  9.41 370.9  10.5 422.8  11.6
Control 347.0  6.65* 394.3  6.96* 421.1  7.59* 350.5  6.3 387.1  7.35 424.3  8.17
Easy feature search
Inactivation 323.3  3.71* 341.7  3.75* 339.4  4.01* 322.8  3.95 323.8  4.01 326.6  4.31
Control 321.1  3.91* 326.6  4.01* 334.8  4.26* 318.7  4.08 328.7  4.39 336.4  4.39
Four pooled sets of results are presented: difficult feature search condition and easy feature search condition for both monkeys. Detection
times, presented in ms  SEM, are significantly longer for contralesional targets (two-way ANOVA number of items  inactivation/control;
monkey G, for both conditions: main effect of number of items p  0.005, main effect of inactivation condition p  0.008, interaction p  0.4;
monkey M, for both conditions: main effect of number of items p  0.0003, main effect of inactivation condition p  0.025, interaction p 
0.2). No effects were found for ipsilesional targets (monkey G, for both conditions: main effect of number of items p  0.01, inactivation
condition p  0.19, interaction p  0.3; monkey M, for both conditions: main effect of number of items p  0.04, inactivation condition p 
0.29, interaction p  0.24).
*p  0.05.
understand the relation between eye saccade genera- 2002) suggest that the two mechanisms can be dissoci-
ated, since LIP inactivation systematically leads to co-tion and attention. It has been proposed that these two
mechanisms are closely coupled and subserved by the vert and overt attentional deficits while leaving saccadic
eye movements unimpaired. These results are difficultsame cerebral network (Rizzolatti et al., 1987). Ac-
cording to this view, a shift of attention is functionally to reconcile with the premotor theory of attention, unless
by considering that a shift of attention is conceptuallyequivalent to a planned but nonexecuted eye saccade,
a hypothesis known as the premotor theory of attention. analogous to (and neurally indistinguishable from) in-
tending to move the eyes, but that both are distinctThe current study and the previous one (Wardak et al.,
from actually commanding the eyes to move. However
adopting such a position would also lead to the some-
what awkward conclusion that voluntary saccades can
be initiated and executed normally even when a cortical
center involved in generating eye movement intentions
is lesioned. Clearly, this is a thorny issue which could
perhaps be clarified by contrasting the effects of LIP
inactivation with that of other structures believed to be
important for saccadic behavior. In humans, fMRI stud-
ies have shown that both the parietal and the frontal
cortices, particularly the FEF, are activated during a
visual search task (Donner et al., 2000; Nobre et al., 2003)
and more generally in covert attention (e.g., Hopfinger et
al., 2000; Vandenberghe et al., 2000). These regions are
also known to be both activated by attentional and sac-
cadic mechanisms (Corbetta et al., 1998; Nobre et al.,
2000). In monkey, FEF neurons are involved in saccadic
programming (e.g., Bruce and Goldberg, 1985) but also
respond during a saccadic visual search task (e.g.,
Thompson et al., 1996) and can be modulated by covert
attention (Kodaka et al., 1997). As LIP and FEF are
strongly connected (e.g., Bullier et al., 1996), the FEF
Figure 3. Contralateral Inactivation Effects for Different Visual would potentially be a good candidate to test if, as in
Search Conditions humans, frontal areas are involved in attentional mecha-
Summary of the mean detection time differences between inactiva- nisms subtending visual search and to test the func-
tion and control conditions for contralesional targets in four condi- tional relation between saccades and attention.
tions in both monkeys: target without distractors, easy and difficult
In conclusion, our results show a clear functional im-feature search task, conjunction search task. Data were pooled
plication of area LIP in spatial attention in the monkey.across sessions in which all four tasks were included. *p  0.05 for
one-way ANOVA between inactivation and control condition. The finding that the effects of LIP inactivation on visual
Neuron
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Figure 4. Distribution and Variance of Detec-
tion Time in the Conjunction Search at 10 for
Monkey M
(A) Cumulative distributions for two-, four-,
and eight-item displays for contralesional
(upper panel) and ipsilesional targets (lower
panel). The inactivation and control distribu-
tions are represented by the dashed and solid
lines, respectively. For each number of items,
the control and inactivation curves for con-
tralesional targets are significantly different
(Kolmogorov-Smirnov for reaction time distri-
butions, p  0.01).
(B) Normalized deviation to mean detection
time for contralesional and ipsilesional tar-
gets. LIP inactivation induces a slight in-
crease in normalized deviation for the detec-
tion of a contralesional target (main effect of
number of items p  0.0001, of inactivation
p  0.062, items  inactivation p  0.6) and
a clear decrease in normalized deviation for
detection of an ipsilesional target (main effect
of number of items p 0.0001, of inactivation
p  0.0028, items  inactivation p  0.8).
*p  0.05.
lowered through stainless steel guide tubes by means of a hydraulicsearch were observed indiscriminately with saccadic or
microdrive (Narishige). Neuronal responses were recorded in themanual responses indicates that the attention signals
lateral bank of the intraparietal sulcus during visually guided sac-present in LIP are general in nature and not tied to a
cade task, memory-guided saccade task, and fixation with passive
particular effector; this is consistent with the idea that visual stimulation to determine precisely both the location and ex-
one function of the parietal cortex is to set the spatial tent of LIP and its borders with other well-characterized neighboring
areas. Visual, memory, and/or saccadic neuronal activity were ob-locus of attentional priority. The visual search deficits
served and used to identify LIP (Colby et al., 1996; Gnadt and Ander-described here are comparable with those reported in
sen, 1988), contrasting with the motion-, tactile-, arm-, and hand-patients with neglect following parietal cortex injury and
related responses of the neighboring regions VIP, MIP, and AIPconstitute an important step toward an understanding of
(Colby et al., 1993; Johnson et al., 1996; Sakata et al., 1995). We
the functional homologies between human and primate observed the rough topographic organization of the visual field rep-
cortical mechanisms of attention. resentation in LIP as described previously by Ben Hamed et al.
(2001). This representation helped us to choose the injection points
Experimental Procedures for muscimol experiments in order to cover the whole area LIP and
to avoid diffusion of the muscimol in the neighboring areas. Injection
Protocols tracks corresponded to recording sites with both visual and sac-
Two adult monkeys (monkey M, Macaca mulatta; and monkey G, cadic-related activity.
Macaca fascicularis) weighing about 6 kg were used in these experi-
ments, following the procedures approved by the local animal care
committee in compliance with the guidelines of the European Com- Behavioral Task
Monkeys were trained to a covert visual search task, consisting inmunity on animal care. Each monkey underwent a single surgical
session under propofol anesthesia to prepare for chronic recording signaling the presence of a visual target presented with one or more
distractor stimuli, while keeping the eye on a fixation target. A trialof eye movements and extracellular recording within the parietal
cortex. The animals were implanted with scleral search coils (Judge started when the monkey’s hand was in contact with the lever and
then the central fixation point appeared. The first visual search dis-et al., 1980) and a head-restraining device. Based on stereotaxic
coordinates, craniotomies were made over the right and left parietal play was presented 300–1000 ms after the foveation of the fixation
point. The duration of this display is defined below. The monkeysulci, and stainless steel recording chambers were implanted to
allow access to LIP with microelectrodes and injection needles. had to press the lever if the display contained the target or refrain
from responding if the target was absent and wait for the nextThroughout the duration of the experiments, the monkeys were
seated in a primate chair with their head restrained, facing a tangent display without breaking fixation. Up to three successive displays
could be presented in one trial. One-third of the trials consisted intranslucent screen 35 cm away, which spanned  55 of the visual
field. A mechanical lever with a possible vertical movement was one display presentation containing the target; one-third consisted
in a first display presentation without target followed by a displayinstalled within the chair, at hand level, in front of the monkey. The
contact between the monkey and the lever and the press onto the containing the target; the last third consisted of two successive
displays without target and a third visual presentation containinglever were electrically detected. Behavioral paradigms, visual dis-
plays, and storage of both neuronal discharge, eye and hand move- the target. Pressing the lever at random would thus result in 33.3%
of correct answers. Trials were interrupted if the monkey pressedments were under the control of a personal computer running a
real-time data acquisition system (REX) (Hays et al., 1982). Visual the lever when no target was present or failed to maintain fixation.
Visual displays could contain two, four, or eight visual items. Withinstimuli were back projected onto the screen by a DLP video projec-
tor. Eye movements were recorded with the magnetic search coil a given trial, all successive displays contained the same number of
items, but the number of items per display varied randomly fromtechnique (Primelec), and horizontal and vertical eye positions were
digitized at 250 Hz. All data analyses were performed offline. one trial to the next. Successive displays were presented at a rate
of one per second. When the display containing the target appeared,Single-neuron activity was recorded extracellularly with tungsten
microelectrodes (Frederick Haer, 1–2 M at 1 kHz), which were the monkey had up to 900 ms to press the lever. The duration of
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the display (range: 200–900 ms) was adjusted for each monkey as Received: October 16, 2003
Revised: March 2, 2004a function of progress in the task in order to achieve an average
success rate of about 75%, which was an optimal setting to preserve Accepted: March 18, 2004
Published: May 12, 2004a balance between the two objectives of maintaining a high level
of motivation while avoiding ceiling effects in performance. No mask
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